Citation: Hein TW, Xu W, Xu X, Kuo L. Acute and chronic hyperglycemia elicit JIP1/JNK-mediated endothelial vasodilator dysfunction of retinal arterioles. Invest Ophthalmol Vis Sci. 2016;57:4333-4340. DOI:10.1167/ iovs.16-19990 PURPOSE. Hyperglycemia, a hallmark of diabetes mellitus, is associated with retinal inflammation and impairment of endothelium-dependent nitric oxide (NO)-mediated dilation of retinal arterioles. However, molecular mechanisms involved in this diminished endothelial vasodilator function remain unclear. We examined whether inflammatory stress-activated kinases, c-Jun N-terminal kinase (JNK) and p38, contribute to retinal arteriolar dysfunction during exposure to acute and chronic hyperglycemia.
D
iabetes mellitus with chronic hyperglycemia can lead to microvascular complications in the retina and is a major cause of adult-onset blindness worldwide. 1 Early nonproliferative stages of diabetic retinopathy are characterized by reduced retinal vasodilator function and retinal blood flow, [2] [3] [4] [5] [6] [7] as well as increased vascular permeability, 8 with little effect on visual acuity. However, without proper management, the condition will progress to vision loss in the late stage of proliferative/ischemic retinopathy. 9 Although laser photocoagulation and vitrectomy are available to manage proliferative retinopathy, there are treatment complications and a high rate of recurrence of neovascularization. Furthermore, there are no treatments for the early stage injury other than management of blood glucose level or intravitreal injection of glucocorticoids or VEGF neutralizing agents to mitigate hyperpermeability and macular edema. 10, 11 New approaches for treating the early stages of diabetes before proliferative retinopathy are needed, especially in the ability to preserve retinal blood flow and avoid ischemic insult. Unfortunately, this strategy is hampered due to the poor understanding of how the vasomotor dysfunction of resistance arterioles, the major site of flow regulation, is developed during the disease state. Although it is known that the endothelium has a key role in regulating vasomotor function and its dysfunction associated with hyperglycemia is regarded as an early event of diabetes, 12 hitherto a limited number of animal studies have investigated the phenomenon of flow dysregulation during diabetes with endothelial impairment in the retinal microcirculation. [13] [14] [15] [16] [17] [18] [19] One potent vasodilator produced by the retinal arteriolar endothelium is nitric oxide (NO). 20, 21 Clinical evidence indicates that NO produced from NO synthase (NOS) can influence retinal vascular tone and regulate retinal blood flow in humans. [22] [23] [24] [25] Metabolic activation of the neural retina in healthy human subjects with diffuse flickering light has been shown to increase retinal arteriolar diameter 25, 26 and retinal blood flow, 26 which can be reduced by NOS blockade. 25 In 20 However, detrimental signaling molecules and mechanistic pathways within retinal arterioles that are responsible for vasomotor dysregulation related to endothelial NO deficiency remain unclear.
An intriguing idea from biochemical and molecular findings from animal models of diabetes suggests that local inflammation in the retina, primary or secondary to hyperglycemia, may contribute to damage of retinal endothelial cells during early diabetes. 34 It remains to be addressed whether inflammatory signaling cascades within the endothelium of retinal arterioles contribute to diabetes-induced vasomotor dysfunction. In cultured endothelial cells, activation of inflammatory stressactivated kinases, c-Jun N-terminal kinase (JNK) 35 and p38 kinase, 36, 37 is increased following short-term exposure to high glucose. However, the contribution of these stress-activated kinases to retinal arteriolar dysfunction during diabetes has not been evaluated. Therefore, we used an isolated vessel approach in vitro, which excludes neural-glial and humoral influences, to examine whether activation of stress-activated kinases contributes directly to the impairment of endotheliumdependent NO-mediated dilation of retinal arterioles following acute and chronic hyperglycemia.
METHODS

Porcine Diabetes Model
All animal procedures were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Baylor Scott & White Institutional Animal Care and Use Committee. Domestic male pigs (8-12 weeks old, 8-11 kg) were purchased from Real Farms (San Antonio, TX, USA). Diabetes (i.e., chronic hyperglycemia) was induced by selective ablation of pancreatic b-cells with intravenous injection of streptozocin (STZ; Zanosar, 150 mg/kg in saline) via an ear vein (22 pigs) as described in detail in our previous study. 33 The control group was injected intravenously with saline instead of STZ (14 pigs). An additional group of nondiabetic pigs without saline injection was used for the acute hyperglycemia study in vitro as described below (24 pigs). The pigs were maintained for a period of 2 weeks. Following STZ or saline (control) injection, the animals were allowed free access to water and fed with syrup mixed with hog chow to prevent temporary hypoglycemia for 24 hours after STZ injection. The animals were allowed free access to water and commercial diet thereafter. The general condition, body weight, and level of blood glucose were closely monitored in all pigs, and only those that had sustained hyperglycemia with a fasting blood glucose level between 250 and 540 mg/dL were included in the study. Fasting blood glucose levels were obtained each day in the morning using a Bayer Contour glucometer (Bayer Corporation, Pittsburgh, PA, USA). Following the 2-week time period, pigs were sedated with Telazol (4-8 mg/ kg, intramuscularly), anesthetized with 2% to 4% isoflurane, and intubated. The procedure used for harvesting eyes has been described previously. 38 
Isolation and Cannulation of Microvessels
The techniques used for identification, isolation, cannulation, pressurization, and visualization of the retinal vasculature have been described previously. 38 In brief, the isolated retinal arterioles (~40-60 lm in situ diameter) were cannulated with a pair of glass micropipettes containing a physiologic salt solution (PSS; in mM: NaCl 145.0, KCl 4.7, CaCl 2 2.0, MgSO 4 1.17, NaH 2 PO 4 1.2, pyruvate 2.0, EDTA 0.02, and MOPS 3.0) with normal 5 mM D-glucose and 1% albumin. For some vessels, the D-glucose was increased to 25 mM in the PSS. The increased osmolarity in this solution was balanced to 290 mOsm by reducing the NaCl concentration. The vessels then were pressurized to 55 cm H 2 O intraluminal pressure without flow by two independent pressure reservoir systems. Vasomotor activity of isolated vessels was recorded using videomicroscopic techniques throughout the experiments. 38 
Study of Vasomotor Function
Cannulated, pressurized arterioles were bathed in PSS-albumin at 368 to 378C to allow the development of basal tone. To evaluate the effect of chronic hyperglycemia on vasomotor function, endothelium-dependent vasodilation to bradykinin (1 pM to 1 nM) and endothelium-independent vasodilation to sodium nitroprusside (SNP; 1 nM to 10 lM) were established in vessels isolated from the 2-week diabetic and saline-control pigs. Vessels were exposed to each concentration of agonist for 4 to 5 minutes until a stable diameter was maintained. To assess the involvement of stress-activated kinases in the chronic hyperglycemia-induced effect, the vasodilator responses were examined following intraluminal treatment of vessels with JNK inhibitor SP600125 (5 lM), 39, 40 JNK-interacting protein-1 (JIP1) inhibitor BI-78D3 (7 lM; Bio-Techne/Tocris, Minneapolis, MN, USA), 41, 42 or p38 kinase inhibitor SB203580 (0.1 lM; EMD Millipore, Billerica, MA, USA) 43, 44 for 2 hours. For some vessels, the contribution of NO in the vasodilation to bradykinin was evaluated in the presence of NOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 10 lM, 40-minute incubation) with or without stress-activated kinase inhibitor treatment.
The acute effect of high glucose on vasodilations to bradykinin and SNP was evaluated in vitro after intraluminal incubation of vessels from nondiabetic pigs with 25 mM Dglucose or 5 mM D-glucose for 2 hours. The impact of stressactivated kinases on the NO-mediated vasodilator responses was evaluated following co-incubation of 25 mM glucose with SP600125, BI-78D3, or SB203580 for 2 hours. In some vessels, the contribution of NO was examined in the presence of a stress-activated kinase inhibitor by adding L-NAME (10 lM, 40-minute incubation).
Chemicals
All drugs were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA) except as specifically stated. Bradykinin, SNP, and L-NAME were dissolved in PSS, whereas SP600125, BI-78D3, and SB203580 were dissolved in dimethyl sulfoxide (DMSO). Subsequent concentrations of drugs in DMSO were diluted in PSS. The final concentrations of DMSO in the vessel lumen did not exceed 0.07% by volume. The 0.07% DMSO had no significant effect on vessel viability, vasodilator responses, or maintenance of tone (data not shown).
Data Analysis
At the end of each experiment, the maximum diameter of the vessels was obtained at 0.1 mM SNP in the presence of calcium-free PSS with EDTA (1 mM). 38 Diameter changes in response to vasodilator agonists were normalized to this maximum vasodilation and expressed as percentage maximum dilation. Data are reported as mean 6 SEM and n value represents the number of vessels (1 per pig per treatment group) studied. Student's t-test or ANOVA followed by Bonferroni multiplerange test was used to determine the significance of experimental interventions, as appropriate. A value of P < 0.05 was considered significant.
RESULTS
Animal Model of Diabetes Mellitus/Chronic Hyperglycemia
Two weeks following STZ injection, blood glucose levels in pigs elevated from 85 6 6 (4.7 6 0.3 mM) to 471 6 23 (26.2 6 1.3 mM) mg/dL, and the body weight increased from 11.1 6 0.4 to 14.7 6 0.6 kg. Pigs injected with saline (control) had unaltered blood glucose levels after 2 weeks, 77 6 6 (4.3 6 0.4 mM) vs. 79 6 5 (4.4 6 0.3 mM) mg/dL, and the body weight increased from 10.3 6 0.6 to 17.1 6 1.4 kg. The weight gain was significantly greater for control than diabetic pigs (Control, 6.8 6 1.0 kg versus Diabetes, 3.7 6 0.5 kg).
Effect of Chronic Hyperglycemia on NOS-Mediated Vasodilation
Retinal arterioles from control and diabetic pigs developed a comparable level of basal tone (Control, 49 6 2% of maximum diameter, 97 6 3 lm versus Diabetes, 48 6 1% of maximum diameter, 97 6 2 lm; P ¼ 0.55), but the concentrationdependent dilation to bradykinin was significantly less in arterioles from diabetic pigs (Fig. 1) . The maximum dilation to bradykinin at 1 nM was 37 6 4% in diabetic vessels and 71 6 5% in control vessels. In the presence of NOS inhibitor L-NAME, these vasodilations were nearly abolished (Fig. 1) . The L-NAME treatment did not alter basal tone (data not shown).
Roles of JNK, JIP1, and p38 in Chronic Hyperglycemia-Induced Vasodilator Dysfunction
Incubation of diabetic vessels with JNK inhibitor SP600125 or with JIP1 inhibitor BI-78D3 restored the vasodilator response to bradykinin ( Fig. 2A) without altering basal tone (data not shown). By contrast, p38 kinase inhibitor SB203580 did not affect the vasodilations to bradykinin (Fig. 2A) . The restored bradykinin-induced vasodilations by SP600125 or BI-78D3 were significantly reduced by L-NAME (Fig. 2B) . For control vessels, the SP600125, BI-78D3, and SB203580 treatments did not alter the bradykinin-induced vasodilations (data not shown).
Effect of Acute Hyperglycemia on NOS-Mediated Vasodilation
The retinal arterioles isolated from the nondiabetic pigs developed a comparable level of basal tone after intraluminal exposure to normal glucose (NG; 5 mM) or high glucose (HG; 25 mM) for 2 hours (NG, 50 6 2% of maximum diameter versus HG, 49 6 3% of maximum diameter, P ¼ 0.85). Concentration-dependent dilation to bradykinin was significantly less in arterioles with intraluminal exposure to HG (Fig.  3) . The maximum dilation to bradykinin at 1 nM was 34 6 10% in HG-treated vessels and 69 6 7% in NG-treated vessels. These vasodilator responses in HG-and NG-treated vessels were almost completely eliminated in the presence of L-NAME (Fig.  3) .
Roles of JNK, JIP1, and p38 in Acute Hyperglycemia-Induced Vasodilator Dysfunction
Incubation of HG-treated vessels with SP600125 or BI-78D3 but not SB203580 preserved the vasodilator response to bradykinin (Fig. 4A) without altering basal tone (data not shown). These preserved vasodilations were attenuated in a similar manner by L-NAME (Fig. 4B) . For vessels exposed to normal glucose, the SP600125 and BI-78D3 treatments did not alter the bradykinin-induced vasodilations (data not shown).
Vasodilation to SNP Following Chronic and Acute Hyperglycemia
Retinal arterioles from nondiabetic (control) and diabetic pigs dilated in a comparable manner to endothelium-independent NO donor SNP with maximum dilation of approximately 70% at 10 lM (Fig. 5) . This vasodilator response also was similar between NG-and HG-treated vessels (Fig. 5) .
DISCUSSION
This study showed that exposure of porcine retinal arterioles to chronic hyperglycemia in vivo or acute hyperglycemia in vitro selectively diminished endothelium-dependent NO-mediated dilation to bradykinin. Pharmacologic inhibition of stressactivated kinase JNK and its upstream interaction with JIP1 preserved retinal vasodilator function related to endothelial NO. It appears that JIP1/JNK signaling contributes directly to the impairment of endothelium-dependent NO-mediated dilation of retinal arterioles following acute and chronic hyperglycemia. FIGURE 1. Chronic hyperglycemia impairs NOS-mediated dilation of retinal arterioles. Concentration-dependent dilation of isolated retinal arterioles to bradykinin was examined in the absence or presence of NOS inhibitor L-NAME after 2 weeks of euglycemia (Control; n ¼ 6) or hyperglycemia (Diabetes; n ¼ 9) in pigs. *P < 0.05 versus Control; #P < 0.05 versus Control or Diabetes.
The current findings corroborated our previous report on selective impairment of endothelium-dependent dilation of retinal arterioles to bradykinin within 2 weeks of diabetes in pigs. 33 This relatively rapid onset of endothelial vasodilator dysfunction in the pig model is consistent with previous evidence showing diminished increase in retinal blood flow following intravitreal administration of endothelial agonist acetylcholine in 2-week diabetic rats. 13 However, these earlier studies did not investigate whether the endothelial impairment was a result of diminished NOS activation. We tested this possibility by treating the isolated retinal arterioles with nonselective NOS inhibitor L-NAME after 2 weeks of diabetes, and this series of experiments nearly abolished the remaining vasodilation to bradykinin. Because L-NAME also completely blocked the dilation of retinal arterioles from 2-week control pigs, it is likely that chronic hyperglycemia in vivo attenuates the ability of the endothelium in these vessels to produce and/ or release NO via NOS.
The sources of NO production within the retina include neuronal NOS (nNOS) 45 and inducible NOS (iNOS) 46 in the perivascular tissue, and endothelial NOS (eNOS) in blood vessels. 47 All three isoforms of NOS have been shown to contribute to regulation of retinal arteriolar tone under physiologic conditions. The activation of iNOS and nNOS in the perivascular retina during exposure to acute hypoxia (5 minutes) in pigs 46 and flickering light stimulation in cats, 45 respectively, promotes dilation of retinal arterioles. Interestingly, these vasodilator responses have been shown to be diminished in diabetic patients with 27, 29, 32 and without 28, 31 retinopathy. Because bradykinin elicits endothelium-dependent dilation of porcine retinal arterioles 48 and it predominantly activates eNOS in cultured endothelial cells, 49 we believe that hyperglycemia can impair eNOS activation in the endothelium of arterioles. Although our studies used an isolated vessel preparation devoid of perivascular retinal tissue, the results do not exclude the possible contribution of iNOS and nNOS to the vascular impact of diabetes/hyperglycemia in vivo.
To demonstrate whether the endothelium of retinal arterioles is sensitive to hyperglycemia per se, we exposed these vessels to high glucose intraluminally in vitro. Within 2 FIGURE 2. Blockade of JNK activation reverses chronic hyperglycemiainduced reduction of retinal arteriolar dilation to bradykinin. (A) Dilation of retinal arterioles to bradykinin was examined after 2 weeks of euglycemia (Control; n ¼ 10) or hyperglycemia (Diabetes; n ¼ 18) in pigs in the absence or presence of JNK inhibitor SP600125 (n ¼ 9), JIP1 inhibitor BI-78D3 (n ¼ 6), or p38 inhibitor SB203580 (n ¼ 6). *P < 0.05 versus Control. (B) Dilation of retinal arterioles to bradykinin from diabetic pigs was examined in the presence of SP600125 (n ¼ 4) or BI-78D3 (n ¼ 6) before and after treatment with L-NAME. *P < 0.05 versus Diabetes/SP600125 or Diabetes/BI-78D3. hours of exposure to high glucose, the bradykinin-induced dilation of retinal arterioles was reduced to a similar level observed following 2 weeks of hyperglycemia in vivo. Notably, the high glucose concentration of 25 mM was comparable to the average glucose level in the diabetic pigs. In addition, osmolarity was maintained at a normal level in the high glucose-treated vessels to obviate the potential impact of hyperosmolarity on endothelial vasodilator function 50 and basal tone, 14, 51 as well as stress-activated kinases. 52 The complete blockade of the dilation of retinal arterioles to bradykinin by L-NAME in the presence of high glucose indicates that short-term hyperglycemia can directly impair endothelial NO function without triggering the activation of compensatory vasodilator mechanisms under these conditions. Because endothelium-independent vasodilation to NO donor SNP was unaltered following the 2-hour high glucose exposure, the ability of the smooth muscle to relax in response to NO appears to have remained intact. Therefore, the detrimental effect of acute hyperglycemia was selective for the impairment of NO synthesis/release from the endothelium. Taken together, our findings directly support the notion that acute or chronic hyperglycemia for up to 2 weeks reduces the endothelium-dependent NO-mediated dilation of retinal arterioles.
Accumulating evidence supports an association of inflammation and endothelial dysfunction within the retina during diabetes. 34 Interestingly, the inflammatory stress-activated kinases, JNK and p38, have been shown to be activated in the neural retina [53] [54] [55] and cultured retinal endothelium 56, 57 following diabetes or acute high glucose exposure. The potential impact of JNK and p38 activation on retinal arteriolar vasomotor function during hyperglycemia had not been explored. These kinases appeared to be reasonable targets because we have previously shown that inflammatory molecules C-reactive protein and TNF-a directly activate p38 and JNK, respectively, in isolated arterioles. In the present study, we found that simultaneous treatment of retinal arterioles with high glucose and JNK inhibitor SP600125 but not p38 inhibitor SB203580 prevented the reduction in dilation to bradykinin. These findings suggested a role for JNK in the initiation of endothelial vasodilator dysfunction during acute hyperglycemia. To assess the potential clinical significance of JNK blockade to restore vasodilator function after prolonged exposure to hyperglycemia in vivo, isolated retinal arterioles were treated with SP600125 after 2 weeks of diabetes. The intraluminal treatment of diabetic vessels with SP600125 preserved the dilation to bradykinin. Because these preserved vasodilator responses were sensitive to L-NAME, it is likely that SP600125 is able to effectively restore the ability of retinal arterioles to produce NO via NOS. On the other hand, SB203580 did not improve vasodilation to bradykinin following chronic hyperglycemia, suggesting that p38 kinase does not contribute to retinal endothelial dysfunction under these conditions. The concentration of SB203580 (0.1 lM) used in this study was sufficient because we have shown previously its efficacy in preventing endothelial vasodilator dysfunction in retinal arterioles induced by C-reactive protein. 43 Collectively, our current findings indicate that activation of JNK within retinal arterioles contributes to diabetes-induced endothelial vasodilator dysfunction.
The JNKs belong to the mitogen-activated protein kinase (MAPK) family. Cellular activation of MAPKs, including JNK, involves a distinct protein kinase cascade, which is organized in signaling modules by scaffold proteins for precise regulation in response to various stress stimuli. 58 A common feature of MAPK cascades is the organization of 3 kinases in which a MAPK kinase kinase (MAP3K) activates a MAP2K, which subsequently activates a MAPK. 59 In the mammalian JNK module, the cytosolic JIP group of scaffold proteins selectively enhance JNK signaling by interacting with and linking the upstream kinases to JNK activation. 60, 61 Specifically, the JIP1 isoform serves as a docking site for the binding of JNK, MAP3Ks, and MAP2K7, 60 to facilitate sequential kinase activation of the JNK signaling pathway. 62 The physiologic role for JIP1 in JNK activation was supported by evidence that JIP1 knockout mice lack the ability to elicit anoxic and excitotoxic stress-induced activation of JNK in hippocampal neurons. 61 At the vascular level, in vitro studies showed that cultured rat retinal endothelial cells containing overexpression of glucose transporter-1 and elevated intracellular glucose concentrations exhibited an increased JIP1 protein expression and JNK phosphorylation. 63 Our current study extended these earlier findings 63 to determine whether JIP1 influences retinal arteriolar vasodilator function during acute and chronic hyperglycemia. In 2-week diabetic pigs, we observed reversal of impaired retinal arteriolar dilation to bradykinin with the JIP1 inhibitor BI-78D3, 41, 42 which is a small molecule mimic of JIP1 that competitively blocks the JIP1 binding domain of JNK from interacting with its cognate substrates and endogenous JIP1. This JNK signaling inhibitor does not influence the ATPbinding region of JNK but instead blocks protein-protein interaction at the JNK-binding site of JIP1. Similarly, bradykinininduced dilation of retinal arterioles during exposure to acute hyperglycemia was preserved in the presence of JIP1 blockade. Taken together, our findings with 2 structurally distinct JNK pathway inhibitors, SP600125 and BI-78D3, suggest that the interaction of JIP1 and JNK is important in initiating endothelial damage during hyperglycemia, and support the idea that this molecular event contributes to development of endothelial vasodilator dysfunction in retinal arterioles during the early stage of diabetes.
At the mechanistic level it is reasonable to speculate that JNK activation may be linked with increased oxidative stress during diabetes in retinal arterioles with concomitant reduction in NO bioavailability. This notion is supported by earlier work showing that pharmacologic blockade of superoxide production augmented the bradykinin-induced increase in retinal blood flow following 3 hours of hyperglycemia in cats in vivo.
14 Our previous study showed that activation of JNK by TNF-a in porcine coronary arterioles leads to superoxide generation and subsequent reduction of NO release via xanthine oxidase activation. 39 On the other hand, evidence also has been provided for superoxide-dependent activation of JNK in endothelial cells. 64 Future molecular studies are warranted to investigate whether oxidative stress in retinal arterioles during hyperglycemia is requisite for impairing NOSmediated vasodilation.
In summary, we demonstrated that acute and chronic hyperglycemia promote activation of JIP1/JNK signaling in retinal arterioles leading to impairment of endotheliumdependent NO-mediated dilation. The ability of pharmacologic blockade of JIP1 or JNK to fully restore arteriolar vasodilator function following 2 weeks of hyperglycemia suggests that these specific proteins may provide useful clinical targets to consider for retinal vascular treatment to ameliorate retinal blood flow during early diabetes. 65, 66 
